, where H 2 RSSR is a Schiff base derived from 2-(thioethyl)salicylaldimine, cleaves SC DNA at 632⋅8 nm (CW He-Ne laser) and 694 nm (ruby laser) involving sulphide (type-I process) and hydroxyl radicals (photo-redox pathway) as the reactive species.
Introduction
Transition metal complexes that are suitable for binding and cleaving double-stranded DNA are of considerable current interest due to their various applications in nucleic acid chemistry like foot-printing and sequence-specific binding agents, for modelling the restriction enzymes in genomic research, and as structural probes for therapeutic applications in cancer treatment. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Cleavage of DNA can be achieved by targeting its basic constituents like base and/or sugar by an oxidative pathway or by hydrolysis of phosphoester linkages. Iron and copper complexes are known to be useful for oxidative cleavage of DNA involving nucleobase oxidation and/or degradation of sugar by abstraction of deoxyribose hydrogen atom(s), while complexes containing strong Lewis acids like copper(II) and zinc(II) are suitable for hydrolytic cleavage of DNA. Oxidative cleavage of DNA could take place by chemical or photochemical means. Sigman and coworkers have reported bis(phen)copper(I) complex as the first copper-based "chemical nuclease" that cleaves DNA in the presence of H 2 O 2 and a thiol. 1, 11 Similarly, the anticancer antibiotic bleomycins containing iron cleave DNA in an oxidative manner. 12, 13 Complexes showing photo-induced cleavage of DNA have significant advantage over their "chemical nuclease" analogues in the absence of any other reagents like a reducing species and/or H 2 O 2 for their activity. Besides, compounds cleaving DNA on photo-activation usually are known to show localized effects in therapeutic applications and are non-toxic in the absence of light. Such compounds are particularly useful in photodynamic therapy (PDT). [14] [15] [16] The PDT drug Photofrin ® , which is a mixture of hematoporphyrin and its derivatives, is used for the treatment of lung and esophageal cancers. 17 This drug, on photo-activation at 632 nm, generates cytotoxic singlet oxygen in a type-II process. Binding of paramagnetic metal ion like copper(II) to porphyrin reduces the triplet state lifetime of porphyrin, thus making the complex ineffective for PDT applications. 18, 19 Non-porphyrinic organic compounds that are capable of cleaving DNA on exposure to red light are virtually unknown except phthalocyanine and re-lated dyes. In contrast, transition metal complexes having electronic bands in the visible region could be alternatives to porphyrins. There are only few reports on 3d metal-based non-porphyrinic complexes cleaving DNA with low energy visible radiation prior to our work. [20] [21] [22] We have made a systematic study using a variety of ternary and binary copper(II) complexes to explore their photo-induced DNA cleavage activity, primarily because of the presence of low energy d-d bands in these complexes. Copper being a bio-essential element, its complexes showing flexibility in the coordination geometries are expected to find applications in nucleic acid chemistry as compared to the heavier 4d and 5d transition elements.
Ternary copper(II) amino acid complexes
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While amino acid and peptide-based metal complexes have been used extensively as synthetic hydrolases and chemical nucleases, there is virtually no report on their photonuclease activity. [26] [27] [28] [29] [30] Amino acid and peptide conjugates having photoactive organic moieties are known to cleave SC DNA to its NC form on photo-irradiation at UV light. [31] [32] [33] It has been observed that such organic molecules of the type "A-B", where amino acid (A) is linked to the photosensitizer (B), cleave DNA by a type-II process. These compounds are, however, inactive in the PDT window of 600-800 nm. We have reported new ternary copper(II) complexes of the type "A-Cu II -B", where the amino acid (A), like L-methionine (Lmet) or L-lysine (L-lys), and the DNA binder (B) such as phenanthroline bases are covalently linked to the metal ion to explore the effect of the metal ion on the photo-induced DNA cleavage activity of the complexes (scheme 1). Complexes other than the bpy species show binding to DNA at the minor groove for the phen and dpq species, while the dppz complexes bind at the major groove. The intrinsic binding constant (K b ) values for the complexes 2-4 and 6-8 vary in the range of 2⋅0-8⋅0 × 10 3 M -1 with the phenanthroline bases having extended aromatic rings showing higher binding propensity than phen. The photo-induced DNA cleavage activity of the L-met complexes is studied at 365 nm UV and 632⋅8 nm CW He-Ne laser (3 mW) ( figure 1, table 1 ). The bpy complex is cleavage inactive as this complex does not bind to DNA. The cleavage activity of the dpq and dppz complexes is significantly better than the phen complexes. The cleavage activity of the L-lysine complexes has been studied at 365 nm and 694 nm (pulsed ruby laser, 1/6 Hz, 20 ns) (table 1 and figure  2 ). The complexes show efficient red light induced DNA cleavage activity with the L-lysine species being more active than the L-methionine analogues.
The photosensitizing effect of L-met and L-lys on copper-bound form is evidenced from the cleavage activity of their phen complexes as phen ligand itself is not a photosensitizer. It has been observed that 
2+ is cleavage-inactive at UV and visible wavelengths. It is interesting that while the amino acid and the phenanthroline base individually do not show any photo-induced DNA cleavage activity in red light, their ternary copper(II) complexes of the type "A-Cu II -B" show efficient cleavage activity. The one-electron paramagnetic complexes display a d-d band in the range 600-750 nm. DNA cleavage activity in red light is believed to be metal-assisted in nature involving the metal centred electronic bands of lower molar absorbance in the photosensitization process. Control DNA cleavage experiments reveal the involvement of singlet oxygen as the cleavage active species. The complexes do not show any cleavage activity in the presence of singlet oxygen quencher sodium azide, but display significant enhancement of cleavage in D 2 O in which singlet oxygen has a longer lifetime. 35 Addition of hydroxyl radical scavenger DMSO does not show any effect on the cleavage activity. Photoexcitation of the complexes seems to form an excited state followed by an efficient energy transfer to the triplet state which presumably activates oxygen from its stable triplet (
The significantly enhanced DNA cleavage activity of the L-lys complex over its L-met analogue could be due to the presence of the cationic amine moiety and better photosensitizing ability of the L-lys ligand. In the presence of bio-essential constituents like copper and amino acid, these complexes offer further scope of study for cellular applications in PDT.
Ternary copper(II) complexes with NSO-donor ligands 36,37
We have designed a new class of ternary copper(II) complexes [Cu(L n )(phen)](ClO 4 ) (9, 10), where HL n (n = 1, 2) is tridentate NSO-donor Schiff base as a photosensitizer and phen as DNA binder. The objective of this work is to explore the role of the metal and the ancillary ligand having sulphur covalently linked to the metal to have enhanced photosensitizing ability of the complexes for red light-induced DNA cleavage activity (scheme 2 DNA binding studies show that the phen complexes bind DNA efficiently in the minor groove as evidenced from the control cleavage experiments using distamycin as the DNA minor groove binder. The binary species 11 does not show any apparent binding to DNA. The complexes are nuclease inactive in the dark in the absence of any external reagent. In the presence of a reducing agent like 3-mercaptopropionic acid, the phen complexes show chemical nuclease activity under dark reaction conditions. The photonuclease activity of the complexes is initially studied using UV radiation of 312 nm (96 W). The phen complexes with a CuN 3 OS core show significant cleavage of DNA from its SC to NC form (table 2, figure 3a) . The results indicate the essential requirements of a photosensitizer (NSO-donor ligand) and a DNA binder (phen) in the complex for observing photo-induced DNA cleavage activity.
Visible light-induced DNA cleavage activity of two complexes having CuN 3 OS core has been studied at 532 nm (mercury vapor lamp, 125 W) and 632⋅8 nm (CW laser, 3 mW). Selected data are given in table 2 and figure 3b. The results show that the phen complex with a Schiff base with a thiomethyl group is more cleavage active than its analogue with a thiophenyl group. This could be due to the reduced triplet state lifetime of the thiophenyl moiety in the presence of an aromatic ring bound to the sulphur atom. The observed efficient DNA cleavage activity of complex 9 at 632⋅8 nm is significant as the porphyrin-based anticancer drug Photofrin ® is active at this wavelength. Mechanistic aspects of the DNA photocleavage reaction have been explored using visible radiation of different wavelengths (figure 4). The DNA minor group binder phen complex with a thiomethyl group does not show any apparent cleavage under argon atmosphere. The necessity of oxygen in the cleavage reactions is evidenced from the greater cleavage efficiency in pure oxygen than in air. Enhancement of DNA cleavage is also observed in D 2 O, while addition of singlet oxygen quencher sodium azide inhibits the 3) and 632⋅8 nm CW laser (3 mW) (lanes 4-6) using different complex concentrations and exposure times with details of the reaction conditions given in table 2. cleavage. Hydroxyl radical scavengers like DMSO or KI do not show any significant effect on the cleavage activity. The results are indicative of the presence of a type-II process in which the photoexcited complex activates molecular oxygen from its stable triplet to the cytotoxic singlet state. The cleavage pathway followed by these complexes is thus similar to those of the ternary amino acid copper(II) complexes containing phenanthroline bases. The role of the copper(II) centre in 9 in the photoexcitation process has been examined by using wavelengths of 603, 632⋅8, 640, 662, and 698 nm Figure 5 . Photo-induced DNA cleavage activity of complex 9 at different wavelengths using Nd : YAG PDL system after 9000 laser shots at 20 mJ/pulse. using a pulsed Nd : YAG laser dye laser system (Spectra Physics, 10 Hz, 5-7 ns, 20 mJ/P power) under the d-d transition band having a λ max value of 661⋅5 nm. In addition, wavelengths of 532 and 560 nm are chosen as they are near the strong LMCT (S-to-Cu) band with a peak at 390 nm. The cleavage activity of 9 at the said wavelengths is shown in figure 5 and it follows the d-d band giving highest percent of cleavage at 662 nm. The results unequivocally show the involvement of the d-d band in the photo-excitation process along with the LMCT band to generate excited species that subsequently form triplet species for activation of triplet oxygen to its cytotoxic singlet state. Variation of percentage DNA cleavage with laser power at different wavelengths using an Nd : YAG PDL system shows linear behaviour with similar slopes at different wavelengths. This suggests that the initial photoexcitation step is a single-photon process. DNA cleavage activity of the copper(II) complexes with a Cu II N 3 OS core reveals that the sulphur atom bonded at the equatorial site has more photosensitizing effect than the one bonded at the elongated axial site. 39 It has been reported that DNA intercalator quinoxalines, similar to those present in antitumor antibiotics like echinomycin or triostin, cleave double-stranded DNA at 365 nm in the absence of any external reagents. 40 The quinoxaline moiety with conjugated C=N bond generates the photoexcited 3 (n-π*) and/or 3 (π-π*) state(s) which could cause DNA cleavage by H-abstraction and/or electron transfer pathway(s). We have been interested in studying the effect on photo-induced DNA cleavage activity of metal binding to quinoxaline ligands. We have earlier reported the chemical nuclease activity of [Cu(dpq) 2 and rate enhancement of 1⋅55 × 10 8 . 42 Complex 13 is chosen for the photo-induced DNA cleavage study as its d-d band at 673 nm in DMF-Tris buffer falls in the PDT window of 620-800 nm besides having efficient DNA binding dpq ligand with its quinoxaline moiety as photosensitizer.
Dipyridoquinoxaline-copper(II) complex
Photo-induced DNA cleavage activity of the complex has been studied in Tris-HCl/NaCl buffer of pH 7⋅2 at the wavelengths of 312 nm (UV lamp, 96 W) and 694 nm (ruby laser, Lumonics make, 1/6 Hz, 20 ns, 40 mJ P -1 in single shot mode). Mechanistic studies have been done using a CW He-Ne laser (3 mW) of 632⋅8 nm. DNA cleavage activity is shown in figures 6 and 7 and the data are given in table 3. The complex shows efficient cleavage of SC DNA to its NC form on photoexposure at 312 nm. The cleavage reaction proceeds through a type-II process involving singlet oxygen ( 1 O 2 ) as the reactive species as evidenced from the inhibition of cleavage using sodium azide and enhancement of cleavage in D 2 O solvent. The complex shows electronic bands at 262, 291 and 337 nm in the UV region in DMF-Tris buffer. Photo-excitation at 312 nm could involve these dpq-based bands and the LMCT band forming 3 (n-π*) and/or 3 (π-π*) state(s). The complex shows complete cleavage of DNA at 694 nm from a ruby laser using a complex concentration of 50 µM for an exposure time of 1 h under aerobic reaction conditions ( figure 6 ). While the bisdpq copper(II) complex cleaves DNA on exposure to both UV and red light, its bis-phen analogue is essentially inactive at these wavelengths. This is because of the photosensitizing ability of the dpq ligand having a quinoxaline moiety. Besides, dpq ligand is a better binder to DNA at the minor groove as compared to the phen ligand. Control experiments show that the dpq ligand alone is moderately cleav- Figure 6 . SC DNA (0⋅5 µg) cleavage activity of complex 13 and dpq using UV light of 312 nm (lanes 1-6) and pulsed ruby laser (694 nm, 40 mJ/P peak power, lanes 7-10) with details of the reaction conditions given in table 3. a Serial number corresponds to the respective lane number given in gel electrophoresis diagram shown in figure 6 Figure 7. Cleavage of SC DNA (0⋅5 µg) by 13 (80 µM) in the presence of different reagents using CW laser of 632⋅8 nm (3 mW) for 30 min exposure time in 50 mM Tris-HCl/NaCl buffer (pH, 7.2) containing DMF (10%).
age-active at 312 nm but does not show any apparent cleavage activity at red light. Observation of efficient nuclease activity at 694 nm thus indicates the involvement of the d-d band (λ max at 673 nm) of the complex in the cleavage reaction. Mechanistic aspects of the red light-induced DNA cleavage reaction have been studied at 632⋅8 nm using a CW He-Ne laser (3 mW) and the relevant data are given in figure 7 . The complex is cleavage inactive under argon or nitrogen atmosphere indicating the necessity of oxygen in the cleavage reaction. Control experiments using singlet oxygen quencher sodium azide do not show any significant effect on the cleavage activity. Similarly, there is no apparent effect of D 2 O adition on the percentage of DNA cleavage. The cleavage data suggest the non-involvement of singlet oxygen in a type-II pathway. An alternate possibility is the involvement of hydroxyl radicals following a photo-redox pathway. Control experiments using hydroxyl radical scavengers like DMSO or mannitol show complete inhibition of the photo-cleavage activity of the complex on red-light irradiation. The results are indicative of the involvement of hydroxyl radicals in the cleavage reaction. Formation of hydroxyl radicals on photo-irradiation of sulphur and selenium analogs of psoralen at 365 nm has earlier been reported by Collet et al. 43 They have proposed an initial formation of a superoxide anion (O • 2 -) that converts to the hydroxyl radical.
The other possibility of formation of hydroxyl radical is from hydrogen peroxide formed in a way similar to that proposed for the chemical nuclease activity of the bis-phen copper species involving the Cu(II)/Cu(I) redox couple. 44 The dpq complex shows quasi-reversible cyclic voltammetric response for the Cu(II)/Cu(I) couple giving the E ½ value of 0⋅09 V vs SCE in DMF-Tris buffer/0⋅1M KCl. The photo-excitation at red light could lead to the reduction of copper(II) to its cuprous form by an electron transfer in the excited state. The copper(I) complex under aerobic reaction medium possibly activates oxygen to form hydrogen peroxide as a source of the hydroxyl radicals. Control experiments using KI as hydrogen peroxide scavenger show complete inhibition of DNA cleavage. This work exemplifies a metal-promoted efficient DNA cleavage activity of a quinoxaline-copper(II) complex at ~700 nm. The DNA cleavage pathway on red-light exposure involves hydroxyl radicals for this bis-dpq copper(II) complex. In contrast, the mechanistic pathway observed for ternary amino acid-copper(II) complexes with phenanthroline bases and copper(II) complexes with the metal bound to thiomethyl groups in CuN 3 OS cores involve singlet oxygen as the cleavage active species in a type-II pathway. 45 It is known that thio-containing natural product antibiotics and their analogues show DNA cleavage activity. [46] [47] [48] [49] [50] In general, the DNA cleavage activity of such sulphur compounds follows thiol-dependent pathways that are of Fenton-type, involving activation of molecular oxygen to form hydrogen peroxide in a metal-mediated process resulting in generation of cytotoxic hydroxyl radicals as DNA cleaving agent. We have observed that redox active copper(II) complexes with a CuN 3 SO core are efficient cleavers of DNA in an oxidative process either using a reducing agent like mercaptopropionic acid or on light exposure under aerobic reaction conditions. 36, 37 Photo-excitation of the sulphur-to-copper charge transfer band along with the d-d band excitation yields singlet oxygen as the cytotoxic agent. We have also observed that ternary amino acid complex [Cu(L-met)(phen)(MeOH)](ClO 4 ) containing a pendant thiomethyl group of L-methionine is less efficient in showing DNA cleavage activity in comparison to the ternary species having a Cu-S bond. 24, 37 It is thus of interest to see the effect of ligands having a metal non-bound disulphide (-S-S-) moiety on the overall photo-induced DNA cleavage activity. Formation and cleavage of disulphide bonds are known to be responsible for the biological activity of several sulphur-containing peptides and proteins. 51 the copper and the disulphide moiety in the complex for observing the photo-induced DNA cleavage activity. Photo-excitation at 312 nm is proposed to generate a triplet-excited state involving charge transfer bands near 300 and 309 nm in conjunction with the disulphide group to form singlet oxygen by energy transfer (scheme 5).
Binuclear copper(II) complex having a disulphide moiety
The complex exhibits significant cleavage of SC DNA to its NC form on exposure to red light of 632⋅8 nm (CW He-Ne laser) or 694 nm (ruby laser). Interestingly, the cleavage reaction at red light involves hydroxyl radical pathway as DMSO addition completely inhibits the cleavage and sodium azide addition shows no apparent effect. In addition, the complex shows appreciable DNA cleavage under anaerobic condition at 632⋅8 nm. It is proposed that red light exposure leads to the formation of sulphide radicals that can cleave SC DNA in a type-I process or could generate reactive hydroxyl radicals on activation of molecular oxygen (scheme 5). 54 
Conclusion
Photo-induced DNA cleavage activity of the binary and ternary copper(II) complexes reveals the important roles of the paramagnetic transition metal, DNA binder phenanthroline bases and the photosensitizers. Red light-induced DNA cleavage activity of the present complexes is of significance as binding of transition metal like copper(II) to porphyrin bases leads to reduction in cleavage activity. Long wavelength DNA cleavage activity makes these copper(II) complexes potential candidates for further design of molecules suitable for PDT applications and as alternatives to the PDT anticancer drug, Photofrin ® .
The red-light DNA cleavage activity of the bisdpq copper(II) complex is of importance for designing analogous complexes with hybrid quinoxalines for cellular applications and towards understanding the function of quinoxaline-based antitumor antibiotics in the presence of bio-essential copper ions. The ternary amino acid-copper(II) complexes are also useful for designing peptide-based conjugates containing metal ion for cellular application. Sulphurcontaining ligands with their longer triplet state lifetimes are suitable for activation of molecular oxygen. DNA cleavage under anaerobic conditions has potential advantages in therapeutic applications.
DNA cleavage activity of the copper(II) complexes on red light exposure presents the first direct evidence for the dual involvement of the copper(II) d-d band and the ligand-to-metal charge transfer band in the photosensitization process leading to an efficient DNA cleavage activity at wavelengths within the PDT window. This work has opened up a new area of research involving 3d-metal complexes for photocleavage of DNA with an objective for future PDT applications.
